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FIG.3
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RADIOGRAPHIC IMAGE ANALYSIS
APPARATUS AND RADIOGRAPHIC IMAGE
ANALYSIS SYSTEM

BACKGROUND
Technological Field

The present mvention relates to a radiographic image
analysis apparatus and a radiographic image analysis sys-
tem.

Description of the Related Art

Indicators related to the respiratory function, such as the
residual volume, functional residual capacity, total lung
capacity, and the residual volume ratio (residual volume/
total lung capacity) calculable therefrom, (called respiratory
function indicators) are information useful for diagnosing
pulmonary diseases, such as COPD. However, the informa-
tion cannot be easily measured by spirometry and 1s, typi-
cally, measured by any of methods including the helium
closed circuit method, denitrogenation open circuit method,
and body plethysmographic method. However, a medical
instrument capable of such measurement 1s typically expen-
sive and large 1n size. In particular, it 1s dithicult for small
medical facilities, such as clinics and small hospitals, to
measure the residual volume, functional residual capacity,
and total lung capacity. A method of easily measuring such
indicators has been awaited.

It 1s also very important to 1dentily the state of dynamic
pulmonary hyperintlation in view of identifying the cause of
shortness of breath in a COPD patient. The dynamic pul-
monary hyperinflation 1s 1dentified even in an early stage of
COPD, and 1s effective information for early diagnosis
accordingly. A method of easily measuring an indicator
indicating the state of dynamic pulmonary hyperintlation has
been awaited.

For example, Patent Literature 1 (Japanese Patent Laid-
Open No. 2009-153678) describes a method of calculating
estimated ventilations at the phases of the maximal expira-
tory level and the maximal inspiratory level on the basis of
the ventilations (vital capacity or tidal volume) from the
maximal expiratory level to the maximal 1nspiratory level
measured by spirometry or the like and of the total signal
value amount of variation in signal values 1n a lung field
region 1n chest dynamic images varying between the maxi-
mal ispiratory level and the maximal expiratory level.

However, the technique described in Patent Literature 1 1s
nothing other than a method of estimating information
measurable by spirometry from images, but does not
describe, at all, a method of estimating respiratory function
indicators, such as the residual volume, functional residual
capacity, total lung capacity, and residual volume ratio.

SUMMARY

The present invention has an object to allow respiratory
function indicators to be easily obtained; the indicators
include the residual volume, functional residual capacity,
total lung capacity, and residual volume ratio.

To achieve the object described above, a radiographic
image analysis apparatus in which an aspect of the present
invention 1s retlected includes

a hardware processor that calculates an area of a lung field
from a chest image obtained by radiation imaging of a chest
in one direction, and estimates a residual volume, a func-
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2

tional residual capacity, a total lung capacity or a residual
volume ratio of the lung field, based on the calculated lung

field area.

A radiographic 1image analysis system where an aspect of
the present invention 1s retlected includes:

a radiographic 1maging apparatus that performs radiation
imaging ol a chest, and obtains a chest 1image; and

the radiographic 1mage analysis apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The aforementioned object, advantageous eflects and
characteristics will be fully comprehended with reference to
the following detailed description and the accompanying
drawings. Note that these do not intend to limait the present
invention. Here, the advantages and features provided by
one or more embodiments of the mvention will become
more fully understood from the detailed description given
hereinbelow and the appended drawings which are given by
way ol 1llustration only, and thus are not intended as a
definition of the limits of the present invention.

FIG. 1 shows the entire configuration of a radiographic
image analysis system according to an embodiment of the
present invention;

FIG. 2 1s a flowchart showing an imaging control process
executed by a controller of an 1maging console 1 FIG. 1;

FIG. 3 1s a flowchart showing a respiratory function
indicator estimation process A executed by a controller of a
diagnostic console 1 FIG. 1 1n a first embodiment;

FIG. 4A 15 a scatter plot showing the relationship between
the lung field area and the residual volume at the maximal
ispiratory level (deep inspiratory level) in a front chest
image taken by radiation imaging under deep breath;

FIG. 4B 1s a scatter plot showing the relationship between
the lung field area and the functional residual capacity at a
deep 1nspiratory level;

FIG. 4C 1s a scatter plot showing the relationship between
the lung field area and the total lung capacity at the deep
ispiratory level;

FIG. 5 shows a lung field region extracted in the first
embodiment;

FIG. 6 1s a flowchart showing a respiratory function
indicator estimation process B executed by a controller of a
diagnostic console 1n FIG. 1 1n a second embodiment;

FIG. 7 illustrates a method of extracting a peripheral
range of a lung field;

FIG. 8 schematically shows frame images of the front
chest (front chest image) and the variation due to respiration
on a side at a position indicated by line A-A' 1n the front
chest 1mage;

FIG. 9A schematically shows the output signal value on
line A-A' 1n the three front chest images shown 1n FIG. 8;

FIG. 9B schematically shows a difference signal value;

FIG. 10A shows a chair that 1s provided for an 1maging,
apparatus and allows a subject to sit on the chair’s front
edge;

FIG. 10B shows a mechanism that 1s included in the
imaging apparatus and clamps and fixes the pelvis (hips) of
the subject at the left and night;

FIG. 10C shows a mechanism that 1s included in the
imaging apparatus and fixes the pelvis (hips) of the subject
by pressing irom the back to an imaging base;

FIG. 11A 1s a graph of temporal variation in the position
of the diaphragm between the left and right lungs calculated
from chest 1images of a subject having an obstructive pul-
monary disease taken under an exercise load or 1n a tachyp-
nea process; and
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FIG. 11B 1s a graph of temporal variation in the lung field
area of the left and right lungs calculated from chest images
ol a subject having an obstructive pulmonary disease taken
under the exercise load or in the tachypnea process.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereinaiter, one or more embodiment of the present
invention will be described with reference to the drawings.
However, the scope of the mvention 1s not limited to the
disclosed embodiments. Note that the scope of the invention
1s not limited to the illustrated examples.

First Embodiment

|[Configuration of Radiographic Image Analysis System
100]

First, the configuration of a first embodiment of the
present mvention 1s described.

FIG. 1 shows the entire configuration of a radiographic
image analysis system 100 according to this embodiment.

As shown 1n FIG. 1, 1n the radiographic image analysis
system 100, an 1imaging apparatus 1 and an imaging console
2 are connected to each other by a communication cable or
the like, and the imaging console 2 and a diagnostic console
3 are connected to each other via a communication network
NT, such as a LAN (Local Area Network). The apparatuses
constituting the radiographic image analysis system 100
conforms to the DICOM (Dagital Image and Communica-
tions 1 Medicine) standard. Communication between the
apparatuses 1s performed in conformity with DICOM.
|Configuration of Imaging Apparatus 1]

The 1maging apparatus 1 1s an 1mager that images the
dynamics of an 1maging object having a cycle, such as a
change of form due to inflation and contraction of lungs
accompanying respiratory motion, and heartbeats, for
example. The dynamic imaging is to obtain multiple images
representing the dynamics of an 1maging object by gener-
ating pulsed radiation, such as X-rays, and repetitively
irradiating the i1maging object with the radiation (pulsed
irradiation) at predetermined intervals, or by generating
radiation with a low dose rate and iwrradiating the object
uninterruptedly and continuously (continuous irradiation). A
series ol 1mages obtained by dynamic 1maging 1s called a
dynamic image. Fach of the images constituting the
dynamic 1mage 1s called a frame image. In the following
embodiment, a case of dynamically imaging a front chest
through pulsed irradiation 1s exemplified and described.

A radiation source 11 1s disposed at a position opposite to
a radiation detector 13, with an imaging object M (the chest
of a subject) intervening therebetween, and irradiates the
imaging object M with radiation (X-rays) 1n a state where no
contrast agent 1s administered, according to the control by a
radiation emission control apparatus 12.

The radiation emission control apparatus 12 1s connected
to the 1maging console 2, and controls the radiation source
11 to perform radiation 1maging on the basis of a radiation
irradiation condition input through the 1maging console 2.
The radiation 1rradiation condition mput through the 1mag-
ing console 2 includes, for example, the pulse rate, the pulse
width, the pulse interval, the number of 1maging frames per
imaging time, the value of X-ray tube current, the value of
X-ray tube voltage and an added filter type. The pulse rate
1s the number of 1rradiations with radiation per second, and
comncides with the frame rate described later. The pulse
width 1s a time period of irradiation with radiation per
radiation 1rradiation. The pulse interval 1s a time period from
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the start of one 1rradiation with radiation to the start of the
next irradiation with radiation, and coincides with the frame
interval described later.

The radiation detector 13 includes a semiconductor image
sensor, such as FPD (Flat Panel Detector). The FPD

includes, for example, a glass substrate and the like. Mul-
tiple detection elements (pixels) are arranged at predeter-
mined positions on the substrate 1n a matrix manner. The
detection elements each detect radiation having been emaitted
from the radiation source 11 and passed through at least the
imaging object M according to the intensity, convert the
detected radiation 1nto an electric signal and accumulate the
signal. Each pixel includes a switcher, such as TF'T (Thin
Film Transistor), for example. FPDs include an indirect type
that converts X-rays 1nto an electric signal by a photoelectric
conversion element through a scintillator, and a direct type
that directly converts X-rays into an electric signal. Any of
the types may be adopted.

The radiation detector 13 1s held by an imaging base 15
(see FIGS. 10A to 10C), and 1s provided so as to face the
radiation source 11, with the imaging object M intervening
therebetween.

A reading control apparatus 14 i1s connected to the 1imag-
ing console 2. The reading control apparatus 14 controls the
switcher of each pixel of the radiation detector 13 to switch
reading of the electric signal accumulated in this pixel on the
basis of an 1mage reading condition input through the
imaging console 2, and reads the electric signal accumulated
in the radiation detector 13, thus obtaining 1image data. This
image data 1s a frame 1mage. The reading control apparatus
14 outputs the obtained frame image to the imaging console
2. The image reading condition includes, for example, the
frame rate, frame 1nterval, pixel size, and image size (matrix
s1ze). The frame rate 1s the number of frame 1mages obtained
per second, and coincides with the pulse rate. The frame
interval 1s a time period from the start of one time of an
operation of obtaining the frame image to the start of the
operation of obtaining the next frame 1image, and coincides
with the pulse mterval.

Here, the radiation emission control apparatus 12 and the
reading control apparatus 14 are connected to each other,
and mutually exchange synchronization signals to synchro-
nize a radiation irradiation operation and an 1image reading
operation with each other.

[Configuration of Imaging Console 2]

The 1maging console 2 outputs the radiation irradiation
condition and the image reading condition to the imaging
apparatus 1, controls the imaging apparatus 1 to perform the
radiation i1maging and the operation of reading a radio-
graphic 1mage, and displays the dynamic image obtained by
the 1maging apparatus 1 for veritying whether or not the
image 1s an 1mage suitable for verifying positioning by an
imaging practitioner, such as an imaging technician, and for
diagnosis.

As shown 1n FIG. 1, the imaging console 2 includes a
controller 21, a storage 22, an operation umt 23, a display
24, and a communicator 25. These components are con-
nected to each other via a bus 26.

The controller 21 includes a CPU (Central Processing
Unit) and an RAM (Random Access Memory). The CPU of
the controller 21 reads a system program and various
processing programs stored in the storage 22 and deploys the
programs 1n the RAM according to an operation through the
operation unit 23, executes various processes including an
imaging control process, described later, according to the
deployed program, and controls the operation of each com-
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ponent of the imaging console 2 and the radiation 1rradiation
operation and the reading operation of the 1maging apparatus
1 1n a centralized manner.

The storage 22 includes a nonvolatile semiconductor
memory, or a hard disk. The storage 22 stores various
programs to be executed by the controller 21, and param-
eters required to execute the processes by the programs, or
data including processing results. For example, the storage
22 stores programs for executing the imaging control pro-
cess shown 1n FIG. 2. The storage 22 stores the radiation
irradiation condition and the image reading condition 1n
association with an 1imaging object site (here, assumed as a
chest). The various programs are stored 1n a form of com-
puter-readable program codes. The controller 21 sequen-
tially executes operations according to the program codes.

The operation unit 23 includes a keyboard provided with
cursor keys, numeric mput keys and various function keys,
and a pointing device, such as a mouse, and outputs, to the
controller 21, an instruction signal mput through a key
operation 1mto the keyboard or a mouse operation. The
operation unit 23 may include a touch panel on a display
screen of the display 24. In this case, the operation umt 23
outputs, to the controller 21, the instruction signal input
through the touch panel.

The display 24 may be a monaitor, such as an LCD (Liquid
Crystal Display) or a CRT (Cathode Ray Tube), and displays
an 1input instruction, data and the like from the operation unit
23, according to an instruction of a display signal 1input from
the controller 21.

The communicator 25 includes an LAN adaptor, and a
modem or a TA (Terminal Adapter), and controls data
transmission and reception to and from ecach apparatus
connected to the communication network NT.
|Configuration of Diagnostic Console 3]

The diagnostic console 3 1s a radiographic image analysis
apparatus for obtaining the dynamic image from the imaging
console 2, and displaying the obtained dynamic image and
an analysis result of the dynamic image to support a doctor’s
diagnosis.

As shown 1 FIG. 1, the diagnostic console 3 includes a
controller 31, a storage 32, an operation unit 33, a display
34, and a communicator 35. These components are con-
nected to each other via a bus 36.

The controller 31 includes a CPU and a RAM. The CPU
of the controller 31 reads a system program and various
processing programs stored in the storage 32 and deploys the
programs in the RAM according to an operation through the
operation unit 33, executes various processes including a
respiratory function 1ndicator estimation process A,
described later, according to the deployed program, and
controls the operation of each component of the diagnostic
console 3 1n a centralized manner.

The storage 32 includes a nonvolatile semiconductor
memory, or a hard disk. The storage 32 stores various
programs including a program for executing the respiratory
function 1ndicator estimation process A 1n the controller 31,
and parameters required to execute the processes by the
programs, or data including processing results. These vari-
ous programs are stored imn a form of computer-readable
program codes. The controller 31 sequentially executes
operations according to the program codes.

The storage 32 stores the taken dynamic 1mage in asso-
ciation with patient information (e.g., patient 1D, patient
name, height, weight, age, gender, etc.), examination infor-
mation (e.g., examination ID, examination date, imaging,
object site (chest in this case), imaging direction (iront,
side), etc.).
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The storage 32 stores a calculation expression for calcu-
lating the estimates of the residual volume, the functional
residual capacity and the total lung capacity from the lung
field area calculated from the front chest image, or a table
representing the correspondence relationship between the
lung field area calculated from the front chest image, the
residual volume, the functional residual capacity and the
total lung capacity, or a calculation expression for calculat-
ing the estimate of the residual volume ratio from the
variation rate AV % of the lung field area calculated from the
front chest image, or a table representing the correspondence
relationship between the variation rate AV % of the lung
field area calculated from the front chest image and the
residual volume ratio or the like. Alternatively, this storage
stores the statistical data or scatter plot of the correspon-
dence relationship between the measured values of the
residual volume, the functional residual capacity, the total
lung capacity and the residual volume ratio measured by the
helium closed circuit method, the denitrogenation open
circuit method or the body plethysmography, and the lung
field area at the maximal nspiratory level (deep inspiratory
level) or the variation rate AV % of the lung field area
calculated from the front chest image taken by radiation
imaging under deep breath, with respect to many subjects.

The operation unit 33 includes a keyboard provided with
cursor keys, numeric input keys and various function keys,
and a pointing device, such as a mouse, and outputs, to the
controller 31, an instruction signal mput through a key
operation 1nto the keyboard or a mouse operation by a user.
The operation unit 33 may include a touch panel on a display
screen of the display 34. In this case, the operation unit 33
outputs, to the controller 31, the instruction signal 1nput
through the touch panel.

The display 34 may be a monitor, such as an LCD or a
CRT, and displays various items according to the instruction
of the display signal input from the controller 31.

The communicator 35 includes an L AN adaptor, and a TA
or a modem, and controls data transmission and reception to
and from each apparatus connected to the communication
network NT.
|Operation of Radiographic Image Analysis System 100]

Next, the operation of the radiographic image analysis
system 100 1n this embodiment 1s described.

(Operations of Imaging Apparatus 1 and Imaging Console 2)

First, the imaging operations by the imaging apparatus 1
and the imaging console 2 are described.

FIG. 2 shows the imaging control process executed by the
controller 21 of the imaging console 2. The imaging control
process 1s executed by cooperation between the controller 21
and the program stored in the storage 22.

First, the operation unit 23 of the imaging console 2 1s
operated by the imaging practitioner, and the patient infor-
mation on the subject (imaging object M) and the exami-
nation iformation are iput (step S1).

Next, the radiation 1rradiation condition 1s read from the
storage 22 and 1s set in the radiation emission control
apparatus 12, and the image reading condition 1s read from
the storage 22 and 1s set 1n the reading control apparatus 14
(step S2).

Next, an istruction of emitting radiation through the
operation to the operation unit 23 1s waited (step S3). Here,
the 1imaging practitioner positions the imaging object M by
disposing this object between the radiation source 11 and the
radiation detector 13. Furthermore, an instruction on the
respiration state (here, deep breath) 1s 1ssued to the subject.
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When the preparation for imaging 1s made, the operation
unit 23 1s operated and a radiation 1rradiation struction 1s
input.

When the radiation 1rradiation instruction 1s imput through
the operation umit 23 (step S3; YES), an imaging start
istruction 1s output to the radiation emission control appa-
ratus 12 and the reading control apparatus 14, and the
dynamic 1maging 1s started (step S4). That 1s, the radiation
1s emitted from the radiation source 11 at a pulse interval set
in the radiation emission control apparatus 12, and a frame
image 1s obtained by the radiation detector 13.

After a predetermined number of frames have been taken,
an mstruction of finishing 1imaging is output by the controller
21 to the radiation emission control apparatus 12 and the
reading control apparatus 14, and the 1maging operation 1s
stopped. The number of taken frames 1s a number allowing
at least one respiratory cycle to be imaged. The 1maging 1s
performed 1n a state where no contrast agent 1s administered
to the imaging object M i1mmediately before or during
imaging.

The frame 1mages obtained by 1maging are sequentially
input into the imaging console 2, stored 1n the storage 22 1n
association with the respective numbers indicating the imag-
ing order (frame numbers) (step S3), and displayed on the
display 24 (step S6). The imaging practitioner verifies
positioning and the like with reference to the displayed
dynamic image, and determines whether the 1image suitable
for diagnosis 1s obtained by imaging (1maging OK) or
reimaging 1s required (1maging NG). The operation unit 23
1s operated to 1nput a determination result.

When a determination result indicating imaging OK 1s
input by a predetermined operation through the operation
unit 23 (step S7; YES), each image of the series of frame
images obtained by dynamic imaging i1s assigned informa-
tion that includes an identification ID for identifying the
dynamic 1mage, the patient information, the examination
information, the radiation irradiation condition, the image
reading condition, and the number indicating the imaging
order (frame number) (written 1n a header region of the
image data in the DICOM iformat, for example), and 1is
transmitted to the diagnostic console 3 via the communicator
25 (step S8). This process 1s then finished. On the contrary,
a determination result indicating imaging NG 1s input by a
predetermined operation through the operation unit 23 (step
S7; NO), the series of frame 1mages stored in the storage 22
1s removed (step S9), and this process 1s finished. In this
case, reimaging 1s required.
|Operation of Diagnostic Console 3]

Next, the operation of the diagnostic console 3 1s
described.

In the diagnostic console 3, upon receipt of the series of
frame 1mages ol the dynamic image from the imaging
console 2 via the communicator 35, the received dynamic
image 1s stored in the storage 32, and the respiratory
function indicator estimation process A shown in FIG. 3 1s
executed by cooperation between the controller 31 and the
program stored 1n the storage 32.

Here, the inventor of the present application measured the
residual volume (RV), the functional residual capacity
(FRC) and the total lung capacity (TLC) of each of many
subjects by the helium closed circuit method, the denitro-
genation open circuit method or the body plethysmography,
calculated the lung field area from the front chest image, and
discussed the relationship between the lung field area with
the residual volume, the functional residual capacity and the
total lung capacity.
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FIG. 4 A 1s a scatter plot showing the relationship between
the lung field area and the residual volume at the maximal
ispiratory level (deep inspiratory level) in a front chest
image taken by radiation imaging under deep breath. FIG.
4B 1s a scatter plot showing the relationship between the
lung field area and the functional residual capacity at the
deep inspiratory level. FIG. 4C 1s a scatter plot showing the
relationship between the lung field area and the total lung
capacity at the deep inspiratory level. As shown 1n FIGS. 4A
to 4C, the lung field area has high correlations with the
residual volume, the functional residual capacity and the
total lung capacity. It has been found out that the residual
volume, the functional residual capacity and the total lung
capacity can be estimated on the basis of the lung field area.

Likewise, as a result of discussion of the relationship
between the variation rate AV % of the lung field area ((the
lung field area at the deep inspiratory level-the lung field
area at the deep expiratory level)/the lung field area at the
deep inspiratory level) and the residual volume ratio, it has

been found out that the variation rate AV % of the lung field
area 1s correlated with the residual volume ratio, and the
residual volume ratio can be estimated on the basis of the
variation rate AV % of the lung field area.

The respiratory function indicator estimation process A 1s
a process of estimating the residual volume, the functional
residual capacity, the total lung capacity and the residual
volume ratio, from the lung field area.

Hereinaftter, referring to FIG. 3, the tlow of the respiratory
function indicator estimation process A 1s described.

First, from the received dynamic image, the lung field
areas 1n the frame 1mages at the deep inspiratory level and
the deep expiratory level are calculated (step S11).

For example, i step S11, first, the lung field region 1s
extracted from each frame image in the dynamic image. The
lung field region 1s extracted using any of publicly known
methods. For example, a threshold 1s obtained by discrimi-
nation analysis, from a histogram of signal values (concen-
tration values) of pixels of the frame 1mage, and a region
having a high signal 1s primarily extracted as a lung field
region candidate with reference to the threshold. Next, the
edge 1s detected around the boundary of the primarily
extracted lung field region candidate, and points having the
maximum edge in small blocks around the boundary are
extracted along the boundary, thereby allowing the boundary
of the lung field region (regions R encircled by solid lines R
in FIG. 5) to be extracted.

Next, the lung field area of each frame 1mage 1s calcu-
lated. For example, the pixel values 1n the lung field region
in each frame 1mage are counted, and are multiplied by the
pixel size, thereby allowing the lung field area to be calcu-
lated. The maximum area and the minimum area among the
lung field areas calculated from the respective frame 1mages
are the lung field areas at the deep inspiratory level and at the
deep expiratory level, respectively.

Next, the residual volume, the functional residual capacity
and the total lung capacity are estimated on the basis of the
lung field areas 1n the frame 1mages at the deep inspiratory
level and the deep expiratory level (step S12).

Here, the storage 32 stores a calculation expression of the
estimates of the residual volume, the functional residual
capacity and the lung capacity, with a vaniation that 1s the
lung field area in the front chest image at the deep inspira-
tory level or the deep expiratory level, determined by taking
front chest 1mage of each of many subjects at the deep
ispiratory level or the deep expiratory level and calculating
the lung field area, on the basis of the statistical data
obtained by measuring the residual volume, the functional
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residual capacity and the total lung capacity by the helium
closed circuit method, the denitrogenation open circuit
method or the body plethysmography, or a table indicating
the correspondence relationship between the lung field areas
in the front chest images at the deep mspiratory level or the
deep expiratory level and the estimates of the residual
volume, the functional residual capacity and the lung capac-
ity. In step S12, the residual volume, the functional residual
capacity and the total lung capacity are estimated on the
basis of the calculation expression or the table stored 1n the
storage 32.

Next, based on the following (Expression 1), the variation
rate AV % of the lung field area 1s calculated (step S13).

AV %=(the lung field area at the deep inspiratory
level-lung field area at the deep expiratory

level)/lung field area at the deep inspiratory
level

(Expression 1)

Next, based on the calculated AV %, the residual volume
ratio 1s estimated (step S14).

Here, the storage 32 stores a calculation expression of the
estimate of the residual volume ratio, with a variation that 1s
AV %, determined on the basis of statistical data obtained by
taking the front chest images of each of many subjects at the
deep inspiratory level and the deep expiratory level, calcu-
lating the area variation rate AV % of the lung field on the
basis of the lung field area, and calculating the residual
volume ratio (the residual volume/total lung capacity) on the
basis of the residual volume and the total lung capacity
measured by the helium closed circuit method, the denitro-
genation open circuit method or the body plethysmography,
or a table indicating the correspondence relationship
between AV % and the estimate of the residual volume ratio.
In step S14, the residual volume ratio 1s estimated on the
basis of the calculation expression or the table stored 1n the
storage 32.

Alternatively, the residual volume ratio may be estimated
on the basis of the amount of variation in lung field area 1n
the front chest images at the deep ispiratory level and the
deep expiratory level (the lung field area at the deep ispira-
tory level-the lung field area at the deep expiratory level).
Further alternatively, the residual volume ratio may be
obtained by dividing the residual volume estimated 1n step
S12 by the total lung capacity.

The estimated results of the residual volume, the func-
tional residual capacity, the lung capacity and the residual
volume ratio are displayed on the display 34 (step S15), and
the respiratory function indicator estimation process A 1s
finished. Alternatively, a diagram where a perpendicular line
1s drawn at the positions corresponding to the lung field area
calculated 1n step S11 or the variation rate AV % of the lung
field area calculated 1n step S13 on the scatter plot of the
correspondence relationship stored in the storage 32
between each of the measured values of the residual volume,
the functional residual capacity, the total lung capacity and
the residual volume ratio of many subjects measured by the
helium closed circuit method, the denitrogenation open
circuit method or the body plethysmography, and the lung
field area at the maximal 1nspiratory level (deep inspiratory
level) or the vanation rate AV % of the lung field area
calculated from the front chest image taken by radiation
imaging under deep breath, may be displayed on the display
34, thereby allowing the residual volume, the functional
residual capacity, the lung capacity and the residual volume
ratio to be estimated from the diagram (also applicable to
second to fifth embodiments).

As described above, according to the first embodiment,
the residual volume, the functional residual capacity, the
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total lung capacity and the residual volume ratio can be
simply estimated from the chest images.

Second Embodiment

Heremaftter, a second embodiment of the present mven-
tion 1s described.

The configuration of the radiographic image analysis
system 100 according to the second embodiment 1s analo-
gous to that described 1n the first embodiment with reference
to FIG. 1. Consequently, the description 1s employed. Here-
iafter, the operation of the radiographic image analysis
system 100 1n the second embodiment 1s described.

In the second embodiment, 1images of the imaging object
M during tachypnea or under the exercise load are obtained
by the imaging apparatus 1 through dynamic imaging. A
respiratory function indicator estimation process B shown in
FIG. 6 1s executed for the obtained dynamic image.

Heremaftter, referring to FIG. 6, the respiratory function
indicator estimation process B 1s described. The respiratory
function 1indicator estimation process B 1s executed by
cooperation between the controller 31 and the program
stored 1n the storage 32.

First, from the received dynamic image of the imaging
object M during tachypnea or under the exercise load, the
lung field areas 1n the frame 1mages at the deep inspiratory
level and the deep expiratory level are calculated (step S21).
The process of step S21 1s analogous to that of step S11.
Consequently, the description 1s employed.

Next, the residual volume or the functional residual
capacity of the imaging object M 1s estimated on the basis
of the lung field arcas in the frame images at the deep
mspiratory level and the deep expiratory level (step S22).

Here, as with the first embodiment, the storage 32 stores
a calculation expression of the residual volume or the
functional residual capacity, with a variation that 1s the lung
field area 1n the front chest image at the deep inspiratory
level or the deep expiratory level, determined by taking front
chest 1mage of each of many subjects at the deep inspiratory
level or the deep expiratory level and calculating the lung
field area, on the basis of the statistical data obtained by
measuring the residual volume or the functional residual
capacity by the helium closed circuit method, the denitro-
genation open circuit method or the body plethysmography,
or a table indicating the correspondence relationship
between the lung field areas 1n the front chest images at the
deep mspiratory level or the deep expiratory level and the
estimates of the residual volume or the functional residual
capacity. In step S22, the residual volume or the functional
residual capacity 1s estimated on the basis of the calculation
expression or the table stored in the storage 32.

The residual volume or functional residual capacity dur-
ing tachypnea or under an exercise load are then displayed
as an indicator imndicating dynamic pulmonary hyperinflation
on the display 34 (step S23), and the respiratory function
indicator estimation process B finishes.

Early symptoms of COPD include dynamic pulmonary
hyperinflation. The dynamic pulmonary hyperinflation 1s a
state where increase 1n respiration rate due to tachypnea,
exercise load or the like prevents air from appropnately
being exhaled from the lungs, and makes the lungs inflate
too much to prevent air from being inhaled. That 1s, 1t 1s
believed that the residual volume or the functional residual
capacity of a patient in an early stage of COPD increases
during tachypnea or under the exercise load owing to
dynamic pulmonary hyperinflation. Accordingly, the respi-
ratory function indicator estimation process B takes a front
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chest image at the deep inspiratory level or the deep expi-
ratory level during tachypnea or under the exercise load,

estimates the residual volume or the functional residual
capacity on the basis of the lung field area, and adopts the
residual volume or the functional residual capacity as an
indicator of dynamic pulmonary hyperinflation. The larger
the residual volume or the tunctional residual capacity 1s, the
higher the possibility of dynamic pulmonary hyperinflation
1S.

The respiratory function indicator estimation process B
shown 1 FIG. 6 performs dynamic imaging during tachyp-
nea or under the exercise load, estimates the residual volume
or the functional residual capacity on the basis of the lung
ficld area calculated from the frame images at the deep
ispiratory level and at the deep expiratory level in the
obtained dynamic image, and outputs the residual volume or
the functional residual capacity as the indicator of the
dynamic pulmonary hyperintlation. Alternatively, the pro-
cess may perform dynamic imaging before and after appli-
cation of an exercise load (or during a tachypnea process),
estimate the residual volume or the functional residual
capacity before and after application of the exercise load (or
in a tachypnea process), on the basis of the lung field area
calculated from the frame 1mages at the deep inspiratory
level and at the deep expiratory level among the frame
images ol each obtained dynamic image, using the calcula-
tion expression or the table determined on the basis of the
statistical data, and output the vanation (the amount of
variation or variation rate) as the indicator of the dynamic
pulmonary hyperinflation. The larger the wvariation in
residual volume or functional residual capacity 1s, the higher
the possibility of dynamic pulmonary hyperinflation is.

As described above, 1in the second embodiment, the
indicator of the dynamic pulmonary hyperinflation can be
casily obtained from the chest images.

Third Embodiment

It has been described that 1n step S11 of FIG. 3 1n the first
embodiment and in step S21 of FIG. 6 in the second
embodiment, the regions (regions R) of both the lungs
indicated by the solid lines 1n FIG. § are extracted as the lung
field regions, and the respiratory function indicators, such as
the residual volume, the functional residual capacity, the
total lung capacity, the residual volume ratio, and the 1ndi-
cator of the dynamic pulmonary hyperinflation, are esti-
mated on the basis of the lung field area. In COPD, a lesion
occurs from the peripheral side (thorax side) in the lung
field. Accordingly, 1t 1s believed that use of the lung field
area only on the peripheral side increases the sensitivity of
the respiratory function indicators for COPD, and allows
COPD to be 1dentified in an early stage. In a third embodi-
ment, an example of estimating the residual volume, the
functional residual capacity, the total lung capacity, the
residual volume ratio, and the indicator of the dynamic
pulmonary hyperinflation, on the basis of the area of a
peripheral part of the lung field, 1s described.

The configuration and the 1imaging operation of the radio-
graphic 1mage analysis system 100 1n the third embodiment
are analogous to those described in the first and second
embodiments. Consequently, the description 1s employed.
The flow of the process of calculating each respiratory
function imndicator 1n the diagnostic console 3 1s substantially
analogous to the flows of the first embodiment and the
second embodiment. However, the flow 1s different in that
the lung field region 1s extracted from each frame 1mage of
the dynamic image and subsequently the peripheral region

5

10

15

20

25

30

35

40

45

50

55

60

65

12

of the lung field 1s extracted and the area thereof i1s calcu-
lated, and in that each respiratory function indicator 1is
estimated on the basis of the area of the peripheral region of
the lung field calculated from the frame 1mages at the deep
ispiratory level and/or the deep expiratory level. Accord-
ingly, the method of extracting the peripheral region of the
lung field, and the method of estimating each respiratory
function indicator based on the area of the peripheral region
of the lung field are hereinafter described.

The method of extracting the peripheral region of the lung
field, for example, can extract the lung field region from the
front chest 1mage (frame 1mage) by the method described 1n
the first embodiment and, as shown 1n FIG. 7, can extract, as
the peripheral region of the lung field, a region (1.e., a part
of the lung field near to the thorax) encircled by a perpen-
dicular line L1 from a vertex P of a superiorsulcus and a
contour L.2 of the lung field near to the thorax, with the
perpendicular line L1 being regarded as the boundary
between the center side and peripheral side of the lung field.
The area of the peripheral region of the lung field can be
obtained by counting the pixel values of the extracted
peripheral region of the lung field and multiplying the
counted values by the pixel size. Alternatively, a horizontal
line having endpoints on the contours of the lung field nearer
to the center and to the thorax may be drawn at a predeter-
mined position (height) from the diaphragm with respect to
cach of left and right lungs, and the perpendicular line from
the midpoint of the horizontal line may be regarded as the
boundary between the central side and the peripheral side of
the lung field.

The method of estimating the residual volume, the func-
tional residual capacity, the total lung capacity and the
residual volume ratio on the basis of the peripheral area of
the lung field may be a method analogous to the method
described in the first embodiment.

That 1s, the calculation expression of the estimates of the
residual volume, the functional residual capacity and the
total lung capacity that have a variable that 1s the area of the
peripheral side of lung field in the front chest image at the

deep mspiratory level or the deep expiratory level and have
been determined on the basis of the statistical data, or a table
indicating the correspondence relationship between the area
of the peripheral side of the lung field in the front chest
image at the deep inspiratory level or the deep expiratory
level and the estimates of the residual volume, the functional
residual capacity and the lung capacity, are preliminarily
stored 1n the storage 32. The controller 31 can estimate the
residual volume, the functional residual capacity and the
total lung capacity from the area of the peripheral side of the
lung field calculated from the frame image at the deep
ispiratory level or the deep expiratory level, on the basis of
the calculation expression or the table stored in the storage
32.

A calculation expression of the estimate of the residual
volume ratio that has a variable that 1s the area varation rate
AV % of the area of the peripheral side of the lung field 1n
the front chest image taken under deep breath, or a table
indicating the correspondence relationship between the area
variation rate AV % of the area of the peripheral side of the
lung field 1n the front chest image taken under deep breath
and the estimate of the residual volume ratio, determined on
the basis of the statistical data, 1s preliminarily stored in the
storage 32. The controller 31 can estimate the residual
volume ratio from the area variation rate AV % of the area
of the peripheral side of the lung field calculated using the
frame 1mages at the deep inspiratory level and the deep
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expiratory level, on the basis of the calculation expression or
the table stored 1n the storage 32.

As described above, 1n the third embodiment, the residual
volume, the functional residual capacity, the lung capacity,
the residual volume ratio or the indicator of the dynamic
pulmonary hyperintlation 1s calculated on the basis of the
area of the peripheral side of the lung field where a lesion of
COPD occurs. Consequently, the residual volume, the tunc-
tional residual capacity, the lung capacity, the residual
volume ratio or the indicator of the dynamic pulmonary
hyperinflation that has a high sensitivity to COPD can be
obtained.

Fourth Embodiment

In step S11 of FIG. 3 1n the first embodiment and step S21
of FIG. 6 1n the second embodiment, description has been
made where the regions (regions R) of both the lungs
indicated by the solid lines 1n FIG. 5 are extracted as the lung
field region, and the residual volume, the functional residual
capacity, the total lung capacity, the residual volume ratio,
and the indicator of the dynamic pulmonary hyperinflation
are estimated on the basis of the lung field area. In general,
the expansion and contraction of the lungs are larger at a part
nearer to the back (see FIG. 8). Accordingly, 1n a fourth
embodiment, the lung base ends nearer to the back at the
deep expiratory level or the deep ispiratory level are
estimated from the dynamic image. Based on the lung field
arca where the estimated lung base end nearer to the back 1s
regarded as the bottom end of the lung field, the residual
volume, the functional residual capacity, the total lung
capacity, the residual volume ratio and the indicator of the
dynamic pulmonary hyperintlation are calculated.

The configuration and the 1imaging operation of the radio-
graphic image analysis system 100 in the fourth embodiment
are analogous to those described in the first and second
embodiments. Consequently, the description 1s employed.
The flow of the process of calculating each respiratory
function imndicator 1n the diagnostic console 3 1s substantially
analogous to the flows of the first embodiment and the
second embodiment. However, the flow 1s diflerent in that
the lung base ends nearer to the back are estimated from
cach frame 1image 1n the dynamic image, and the lung field
arca where the estimated lung base ends nearer to the back
are regarded as the bottom ends of the lung fields are
calculated, and 1n that each respiratory function indicator 1s
estimated on the basis of the lung field areas where the lung
base ends nearer to the back are regarded as the bottom ends
of the lung fields, the areas being calculated from the frame
images at the deep inspiratory level and/or the deep expi-
ratory level. Accordingly, the method of estimating the
positions of the lung base ends nearer to the back from each
frame 1mage of the dynamic image, and the method of
estimating each respiratory function indicator based on the
lung field areas where the lung base ends nearer to the back
are regarded as the bottom ends of the lung fields are
hereinafter described.

First, the method of estimating the lung base ends nearer
to the back, and the method of calculating the lung field
areas are described.

FIG. 8 schematically shows frame images 1n the dynamic
image of the front chest ({ront chest image) and the variation
due to respiration on a side at a position indicated by line
A-A' 1n the front chest image. FIG. 9A schematically shows
the output signal value at the positions indicated by line A-A'
in the three front chest images shown in FIG. 8. FIG. 9B
schematically shows a diflerence signal value. In FIGS. 9A
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and 9B, a line indicated by a broken line indicates the output
signal value at the deep expiratory level 1n FIG. 8. A line
indicated by a chain line indicates the output signal value at
an intermediate phase and an inter-frame difference value
between the intermediate phase and the deep expiratory
level 1n FI1G. 8. A line indicated by a solid line indicates the
output signal value at the deep inspiratory level and the
inter-frame difference value between the deep inspiratory
level and the intermediate phase in FIG. 8. In FIG. 9A,
between G and B, three lines at the deep expiratory level, the
intermediate phase and the deep inspiratory level are sub-
stantially overlapped with each other.

The respiratory cycle includes an expiratory period and an
inspiratory period. In the expiratory period, the diaphragm
rises to discharge air from the lungs, and the regions of the
lung fields decrease. At the deep expiratory level, the
position ol the diaphragm i1s 1 a highest state. In the
ispiratory period, the diaphragm lowers to thereby inhale
air 1nto the lungs, and the regions of the lung fields in the
thorax increase. At the deep inspiratory level, the position of
the diaphragm 1s 1n the most lowered state.

As described above, the lung field region 1s a region
where air enters and 1s discharged. Consequently, the density
of tissue 1s lower and the amount of radiation transmission
1s larger than those around the region out of the lung field
region. Accordingly, when X-ray imaging 1s performed, the
lung field region has a larger signal value than the region out
of the lung field region has.

The position indicated by B 1n the side view of FIG. 8 1s
the upper end position of the diaphragm at the maximal
expiratory level. The position indicated by C 1n the side view
of FIG. 8 1s the upper end position of the diaphragm at the
intermediate phase. The position indicated by D 1n the side
view of FIG. 8 1s the upper end position of the diaphragm at
the maximal inspiratory level. Each of the upper end posi-
tions of the diaphragm 1s the boundary at which the signal
value 1n the lung field region where the density of tissue 1s
low transitions to the signal value in the region out of the
lung field region, and can be visually recognized as the lung
base position 1n the front chest image 1n FIG. 8.

On the other hand, the position indicated by E in the side
view of FIG. 8 1s the bottom end position of the diaphragm
at the intermediate phase. The position indicated by F in the
side view of FIG. 8 1s the bottom end position of the
diaphragm at the maximal 1nspiratory level. As shown 1n the
side view of FIG. 8, the diaphragm moves largely toward the
back 1 actuality. The lung field resides to the bottom end
position of the diaphragm back part. That 1s, the bottom end
position of the diaphragm back part can be estimated as the
lung base end nearer to the back. The bottom end position of
the diaphragm back part cannot be visually observed. How-
ever, the position can be recognized by performing the
inter-frame difference process between the adjacent frame
1mages.

When the inter-frame difference process 1s performed
between the adjacent frame 1mages, the upper end position
.11 of the diaphragm 1s the position where the inter-frame
difference value 1s the maximum, as shown 1n FIG. 9B. The
bottom end position .12 of the diaphragm 1s lower than the
upper end position LL11, and 1s the position of the boundary
of a region where the inter-frame difference value 1s sub-
stantially zero. The difference value between frame 1mages
1s calculated by subtracting, from the signal value of the
pixel of the n-th frame 1mage, the signal value of the same
pixel of the (n—1)-th frame 1mage, for example. For the first
frame 1mage, a diflerence value to be obtained by subtract-
ing the last frame 1image (for example, the ninth frame 1n a
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case of nine frames) from the first frame 1mage 1s calculated.
It 1s preferred that before application of the inter-frame
difference process, a low-pass filter process in the temporal
direction be applied to the dynamic image, and temporal
variation in signal value due to ventilation be extracted.

The lung base ends nearer to the back 1s estimated as the
bottom end of the lung field, the controller 31 calculates the
lung field area with the estimated lung base ends nearer to
the back being regarded as the bottom end of the lung field.
For example, the side end part of the lung field region
connecting the bottom end of the side end part of the lung
field region and the lung base ends nearer to the back of the
diaphragm extracted in step S11 of FIG. 3 1s obtained by
interpolation. The region obtained by adding the area of the
lung field region extracted in step S11 to the area of the
region encircled by the lung field region and the lung base
end nearer to the back 1s calculated as the lung field area.
The side end part of the lung field between the lung field
region and the lung base end nearer to the back extracted in
step S11 may be obtained, for example, by the mterpolation
process or the like as described above. Alternatively, the
lung base end nearer to the back in each frame 1image may
be obtained, and the side end part of the lung field may be
estimated from the trajectories of the opposite ends of the
obtained base end.

Next, a method of estimating the residual volume, the
functional residual capacity, the total lung capacity, the
residual volume ratio, and the indicator of the dynamic
pulmonary hyperinflation, on the basis of the lung field area,
with the lung base end nearer to the back being regarded as
the bottom end of the lung field, 1s described.

The method of estimating the residual volume, the func-
tional residual capacity, the total lung capacity and the
residual volume ratio on the basis of the lung field area, with
the lung base end nearer to the back being regarded as the
bottom end of the lung field, may be a method analogous to
the method described in the first embodiment. That 1s, the
calculation expression of the estimates of the residual vol-
ume, the functional residual capacity and the total lung
capacity that have a variable that 1s the lung field area, with
the lung base end nearer to the back being regarded as the
bottom end of the lung field, 1n the front chest image at the
deep inspiratory level or the deep expiratory level and have
been determined on the basis of the statistical data, or a table
indicating the correspondence relationship between the lung
field area, with the lung base end nearer to the back being
regarded as the bottom end of the lung field, in the front
chest image at the deep inspiratory level or the deep expi-
ratory level and the estimates of the residual volume, the
functional residual capacity and the lung capacity, are pre-
liminarily stored in the storage 32. The controller 31 can
estimate the residual volume, the functional residual capac-
ity and the total lung capacity from the lung field area, with
the lung base end nearer to the back being regarded as the
bottom end of the lung field, calculated from the frame
image at the deep inspiratory level or the deep expiratory
level, on the basis of the calculation expression or the table
stored 1n the storage 32.

A calculation expression of the estimate of the residual
volume ratio that has a variable that 1s the area variation rate
AV % of the lung field area, with the lung base end nearer
to the back being regarded as the bottom end of the lung
field, in the front chest image taken under deep breath, or a
table indicating the correspondence relationship between the
area variation rate AV % of the lung field area, with the lung
base end nearer to the back being regarded as the bottom end
of the lung field, 1n the front chest image taken under deep
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breath and the estimate of the residual volume ratio, deter-
mined on the basis of the statistical data, 1s preliminarily

stored 1n the storage 32. The controller 31 can estimate the
residual volume ratio from the area varnation rate AV % of
the lung field area, with the lung base end nearer to the back
being regarded as the bottom end of the lung field, calculated
using the frame 1images at the deep inspiratory level and the
deep expiratory level, on the basis of the calculation expres-
sion or the table stored in the storage 32.

As described above, 1n the fourth embodiment, the
residual volume, the functional residual capacity, the lung
capacity, the residual volume ratio or the indicator of the
dynamic pulmonary hyperinflation 1s calculated on the basis
of the lung field area, with the lung base end nearer to the
back being regarded as the bottom end of the lung field.
Consequently, the residual volume, the functional residual
capacity, the lung capacity, the residual volume ratio or the
indicator of the dynamic pulmonary hyperinflation can be
more accurately obtained.

Fifth Embodiment

In the atorementioned first to fourth embodiments, the
description has been made where the residual volume, the
functional residual capacity, the total lung capacity, the
residual volume ratio or the indicator of the dynamic pul-
monary hyperintlation 1s estimated on the basis of the area
of the lung field regions of the both lungs. Alternatively, the
lung field area may be calculated for each lung, and then the
residual volume, the functional residual capacity, the total
lung capacity, the residual volume ratio or the indicator of
the dynamic pulmonary hyperinflation may be calculated for
cach lung on the basis of the calculated lung field area.

Conventional examinations including spirometry can only
obtain information on both the lungs. However, use of the
dynamic 1mage can estimate the residual volume, the func-
tional residual capacity, the total lung capacity, the residual
volume ratio and the indicator of the dynamic pulmonary
hyperintlation, for each lung. Accordingly, the left lung and
the right lung can be compared with each other. Further-
more, the residual volume, the functional residual capacity,
the total lung capacity, or the indicator of the dynamic
pulmonary hyperinflation of a postoperative lung 1n a case of
an operation to one lung can be calculated. Consequently,
calculation of the temporal variation of such a value can, 1n
turn, calculate the temporal vanation of the lung after the
operation.

As described above, the controller 31 of the diagnostic
console 3 calculates the lung field area from the chest image
obtained by radiation 1imaging of the chest in one direction,
and estimates the residual volume, the functional residual
capacity, the total lung capacity or the residual volume ratio
of the lung field on the basis of the calculated lung field area.

Consequently, without need of a conventional, expensive
and extensive medical mstrument, the respiratory function
indicators, such as the residual volume, the functional
residual capacity and the total lung capacity, can be simply
obtained using the chest image.

The description 1n the above embodiments 1s preferable
examples of the present invention, which 1s not limited
thereto.

For example, in the aforementioned first to the fifth
embodiments, the description has been made where the
respiratory function indicators such as the residual volume,
the Tunctional residual capacity, the total lung capacity, the
residual volume ratio or the indicator of the dynamic pul-
monary hyperintlation of the lung field are created on the
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basis of the lung field area at the deep inspiratory level or the
deep expiratory level calculated from the chest dynamic
image obtained by dynamic imaging of the chest in one
direction toward the front chest. Alternatively, the respira-
tory function indicators, such as the residual volume, the
functional residual capacity, the total lung capacity, the
residual volume ratio and the indicator of the dynamic
pulmonary hyperinflation of the lung field, may be created
on the basis of the lung field area at the deep inspiratory level
or the deep expiratory level calculated from the chest
dynamic 1image obtained by dynamic imaging of the chest on
a chest side. Note that 1n view of reduction 1n radiation
exposure to a patient, it 1s preferred to take a front chest
1mage.

For example, in the aforementioned embodiments, the
description has been made where the frame i1mage at the
deep mspiratory level or the deep expiratory level 1s 1den-
tified from the chest dynamic images obtained by dynamic
imaging of the chest, and the residual volume, the functional
residual capacity, the total lung capacity, the residual volume
ratio or the indicator of the dynamic pulmonary hyperintla-
tion of the lung field 1s created on the basis of the lung field
area calculated from the identified frame 1mage. Alterna-
tively, the lung field area may be calculated from the front
chest image obtained by still imaging of the front chest at the
deep mnspiratory level or the deep expiratory level, and the
residual volume, the functional residual capacity, the total
lung capacity, the residual volume ratio, the indicator of the
dynamic pulmonary hyperintlation and the like of the lung
ficld may be created on the basis of the calculated lung field
area.

Not all the residual volume, the functional residual capac-
ity, the total lung capacity and the residual volume ratio of
the lung field are required to be estimated. For example, only
a respiratory function indicator selected by a user may be
estimated. The inventor of the present application discussed
the relationship between the lung field area at the maximal
ispiratory level (deep inspiratory level) in the front chest
image taken under deep breath and the vital capacity (VC)
measured by a respiratory function examination (spirom-
etry) for each of many subjects, and found out that both were
highly correlated. While the residual volume, the functional
residual capacity, the total lung capacity and the residual
volume ratio of the lung field are estimated on the basis of
the lung field area, the vital capacity may be estimated on the
basis of the lung field area using an analogous method.
Accordingly, the vital capacity can be easily estimated using,
the chest image. The user can find out the characteristics of
an obstructive pulmonary disease and a restrictive pulmo-
nary disease, from the estimates of the residual volume, the
functional residual capacity, the total lung capacity, the
residual volume ratio and the vital capacity. The estimate of
the residual volume may be calculated by subtracting the
estimate of the vital capacity calculated on the basis of the
lung field area from the estimate of the total lung capacity
calculated based on the lung field area.

In the aforementioned embodiments, the description has
been made where the estimated respiratory function 1ndica-
tor 1s displayed on the display 34. However, the output of the
respiratory function indicator 1s not specifically limited. For
example, the output may be made by a printer printing on a
sheet or be made through audio, or data on the respiratory
function indicator may be output to an external apparatus via
the communication network NT.

Particularly, in dynamic imaging, imaging 1s performed
continuously for a long time period (about 20 seconds).
Accordingly, to suppress the body motion of the subject
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during 1maging at the upright position, it 1s preferred that the
imaging apparatus 1 be provided with a mechanism of fixing
the pelvis (hips). For example, it 1s preferred that a chair 16
allowing a subject (indicated by H i FIGS. 10A to 10C) to
sit on the edge as shown in FIG. 10A, a mechanism 17
clamping and fixing the pelvis (hips) of a subject from the
left and right as shown in FIG. 10B, a mechanism 18
pressing and ﬁxing the pelvis (hups) of the subject from the
back to the imaging base 15 as shown 1n FIG. 10C, and the
like be provided. If imaging 1s performed at a completely
seated posmon the digestive viscera and the diaphragm of
the subject rise to prevent deep breath. The chair 16 allowing
the subject to sit at the edge 1s thus provided, which can
suppress the body motion of the subject without preventing,
the subject from respiring. Likewise, the mechanism 17
clamping and fixing the pelvis (hips) from the left and right,
and the mechanism 18 pressing and fixing the pelvis (hips)
from the back to the imaging base 15 can suppress the body
motion of the subject without preventing the respiration and
the motion of the thorax of the subject. In the case where the
mechanism 18 presses and fixes the pelvis (hips) from the
back to the imaging base 15, it 1s preferred that a mecha-
nism, not shown, ventrally fixing the subject be also pro-
vided at the same time, and the hips of the subject be
clamped and fixed from the front and back so as to prevent
the hips of the subject from moving during imaging. These
mechanisms can prevent the body of the subject from
moving during dynamic imaging for about 20 seconds. In
particular, in a case where the amount of vanation in the
signal value 1n the lung field 1s quantified or visualized, the
amount of varnation in the signal value caused by body
motion, which 1s to be a noise component, can be sup-
pressed.

The controller 31 of the diagnostic console 3 may quan-
tify and visualize the relationship between the motions of
structures 1n the lung field and the motion of the diaphragm
in the chest dynamic images. For example, a method, such
as template matching, 1s applied to a local region including
the diaphragm 1n a certain frame 1image and multiple local
regions 1n the lung field where the diaphragm 1s not
included, to obtain the position of a corresponding region in
a frame 1mage temporarily apart from by multiple frames,
and the amount of movement and the movement direction
with respect to each local region are calculated. For each
local region, by displaying with the calculated amount of
movement being overlaid as a numerical value on the chest
dynamic image, or by displaying an arrow having the length
corresponding to the amount of movement and the direction
corresponding to the movement direction so as to be over-
laid on the chest dynamic image or by displaying a color
image where each local region in the lung field 1s mapped
with a color having a chroma corresponding to the amount
of movement and a hue corresponding to the movement
direction so as to be overlapped on the chest dynamic image,
the relationship between the motions of structures in the
lung field and the motion of the diaphragm in the chest
dynamic 1mages can be quantified and visualized. Accord-
ingly, the user can easily recognize a site having inactive
movement in the lung field with respect to the diaphragm.
The recognition can be utilized to identify a clinical state.
For example, in a case where the diaphragm moves but
pulmonary vessels do not move, 1t can be 1dentified that the
inside of the lungs does not move and gas 1s not exchanged.
The amount of movement and the movement direction
described above may have values with reference to the
amount of movement and the movement direction of the
local region including the diaphragm. For example, the
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amount of movement and the movement direction of each
local region in the lung field that does not include the
diaphragm may respectively be a value obtained by dividing
this amount by the amount of movement of the local region
including the diaphragm, and a degree deviating from the
movement direction of the local region including the dia-
phragm. Accordingly, the motions of structures in the lung
field with reference to the motion of the diaphragm can be
calculated as quantitative values. The user can more easily
grasp the relationship of the motions of structures in the lung
field with reference to the motion of the diaphragm.

Before the position of the corresponding region in the
frame 1mage temporally apart by multiple frames 1s obtained
using a method, such as template matching, a frame 1mage
where the intensities of costal shades are reduced may be
generated for each frame 1mage using a publicly known
method, and the position of the corresponding region 1n the
frame 1mage temporally apart by multiple frames from the
generated frame 1image may be calculated. Typically, 1 a
chest dynamic image under respiration, the costae and
pulmonary vessels move in the opposite directions. Accord-
ingly, such reduction 1n the intensities of the costal shades
can more accurately quantify the relationship between the
motions of the pulmonary vessels 1n the lung field and the
motion of the diaphragm in the chest dynamic image.

The description has been made that the relationship
between the motions of structures 1n the lung field and the
motion of the diaphragm in the chest dynamic 1mage 1s
quantified and wvisualized. However, the relationship
between the motions of structures 1n the lung field and the
motion of the heart may be quantified and visualized by an
analogous method. As with the motion of the diaphragm, the
user can easily recognize a site having mactive movement in
the lung field with respect to the motion of the heart
accordingly. The recogmition can be utilized to identily a
clinical state.

The lung field of a patient having a disease, such as
pneumonia or pulmonary fibrosis, has a small X-ray trans-
mission amount. Accordingly, the signal value decreases in
an X-ray 1mage 1n comparison with the lung field of a
healthy subject, and 1s displayed to be whitish (with a low
concentration). If the lung field 1s displayed to be whitish,
the amount of variation in signal value i the lung field
increases even though the amount of motion of the dia-
phragm 1s the same. Consequently, the dynamic 1mage, or
the visualized image where the color corresponding to the
quantitative value (numerical value) of the amount of varia-
tion 1n local signal value, or the amount of variation in the
signal value 1n the lung field i1s overlaid on the dynamic
image looks well (healthy) in the motion of the lung field.
Accordingly, it 1s preferred that the controller 31 of the
diagnostic console 3 correct the amount of varnation 1n
signal value on the basis of the lung field concentration
(signal value) 1n each frame 1mage of the dynamic image. To
calculate the amount of variation in the signal value in the
lung field, for example, a calculation expression indicating
the relationship between the characteristic amount obtained
from the signal value 1n the lung field (e.g., an average signal
value 1n the lung field) and a correction coeflicient, a table
indicating the correspondence relationship between the char-
acteristic amount obtained from the signal value 1n the lung
field and the correction coeflicient or the like 1s stored 1n the
storage 32, the characteristic amount obtained from the
signal value 1n the lung field in the frame image that 1s a
target of calculation of the amount of variation in the signal
value in the dynamic image 1s calculated, the correction
coellicient corresponding to the characteristic amount 1s

10

15

20

25

30

35

40

45

50

55

60

65

20

obtained on the basis of the calculation expression or the
table stored 1n the storage 32, and the calculated amount of
variation 1n the signal value 1n the lung field 1s multiplied by
the obtained correction coeflicient, thereby allowing the
corrected amount of variation 1n the signal value in the lung
field to be obtained. Accordingly, even in a case where a
patient has a disease, such as pneumonia or pulmonary
fibrosis, and the lung field 1s displayed to be whitish,
increase 1n the amount of variation 1n signal value can be
suppressed. The user can more appropriately grasp the
motion state in the lung field on the basis of the amount of
variation in signal value. Preferably, the controller 31 of the
diagnostic console 3 receives the radiation 1rradiation con-
dition from the 1maging apparatus 1, and the characteristic
amount obtained from the signal value in the lung field 1s
calculated on the basis of the received radiation 1rradiation
condition, and body shape information, such as the height
and the weight, on the patient stored 1n the storage 32. The
signal value 1n the lung field depends on the height and
weight of the patient and the radiation 1rradiation condition.
For example, even if the radiation irradiation condition 1s the
same, a patient with a large body shape has a small X-ray
transmission amount, and the signal value 1n the lung field
decreases. Accordingly, the amount of varniation 1n signal
value 1n the lung field can be more accurately corrected by
multiplication by a coetflicient according to the size of the
body shape of the patient to adjust the value of the charac-
teristic amount obtained from the signal value in the lung
field.

To display multiple chest images (dynamic image) taken
at different times, the controller 31 may adjust the position
so that a predetermined site of the chest (e.g., superiorsulcus,
hilus, the same cervical spines, etc.) can be at the same
position (height), and display the images 1n parallel on the
display 34. Consequently, multiple chest images can be
casily compared with each other, and variation at different
times can be easily grasped.

For each frame image of chest images taken under the
exercise load or 1n a tachypnea process, the position (height)
of the diaphragm may be calculated by a method, such as
edge recognition, with respect to each of the left and right
lungs, or the lung field contour may be detected by the
method described above, the lung field area may be calcu-
lated, and the calculated position of the diaphragm at the left
and right lungs or the temporal variation in lung field area
may be displayed, as the indicator indicating the state of
dynamic pulmonary hyperinflation, on the display 34 1n a
form of a graph. As shown i FIGS. 11A and 11B, 1n the
subject of an obstructive pulmonary disease, such as COPD,
the position of the diaphragm 1s lowered and the lung field
area 1s mcreased under the exercise load or 1n a tachypnea
process as the time elapses, the amount of movement of the
diaphragm position or the amount of variation of the lung
field area between the inspiratory level and the expiratory
level decreases. Consequently, the user can grasp the degree
of dynamic pulmonary hyperinflation, on the basis of the
displayed graph of the diaphragm position or the temporal
variation 1n lung field area. Furthermore, from the dia-
phragm position at the leit and right lungs or the temporal
variation of the lung field area, the temporal transition of the
diaphragm position or the lung field area at the expiratory
level may be calculated, and the quantitative value idicat-
ing the degree of the increase and decrease may be calcu-
lated as the indicator indicating the state of the dynamic
pulmonary hyperinflation. For example, the parameter of an
approximate expression where the temporal transition of the
calculated lung field area at the expiratory level 1s linearly
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approximated or curve-approximated (for example, a slope
in the case of linear approximation) i1s calculated and dis-
played as an indicator indicating dynamic pulmonary hyper-
inflation. In a case where the degree of dynamic pulmonary
hyperinflation 1s high, for example, the slope 1n the case
where the temporal transition of the lung field area at the
expiratory level 1s linearly approximated 1s large. Conse-
quently, the user can more simply grasp the degree of
dynamic pulmonary hyperintlation of the subject by verity-
ing this quantitative value. Furthermore, in the front chest
image taken as a still image at the maximal inspiratory level
or the frame 1image at the maximal inspiratory level in the
dynamic 1mage of the front chest, the diaphragm position at
the left and night lungs or the lung field area may be
calculated. The difference between the calculated diaphragm
position at the left and right lungs or lung field area at the
maximal mspiratory level and the diaphragm position at the
left and right lungs or the lung field area calculated from
cach frame 1mage of the dynamic image of the front chest
taken under the exercise load or in the tachypnea process
may be calculated, and the temporal variation 1n the calcu-
lated difference value may be displayed on the display 34 1n
a form of a graph. Accordingly, the temporal variation 1n the
respiratory function indicator corresponding to the maximal
ispiratory capacity (IC) 1s displayed, which facilitates the
user to grasp the subject’s exercise tolerance and degree of
respiratory distress under exertion by verifying the temporal
variation. Here, as described in the fourth embodiment, to
calculate the lung field area, the lung base end nearer to the
back may be estimated from each frame image in the
dynamic 1image, and the lung field area, with the estimated
lung base end nearer to the back being regarded as the
bottom end of the lung field, may be calculated. Accord-
ingly, based on the motion of the part nearer to the back
where the expansion and contraction during respiration are
large, the indicator of the dynamic pulmonary hyperinflation
can be more accurately obtained. In a case of 1imaging 1n a
tachypnea process, it 1s preferred that the 1maging apparatus
1 have a respiration gumidance mechanism of 1nstructing the
subject 1 the inspiratory timing and expiratory timing
through audio or display on a monitor screen.

For example, the above description discloses an example
using the hard disk, the semiconductor nonvolatile memory
or the like as a computer-readable medium for the program
according to the present invention. However, the scope 1s not
limited to this example. A portable recording medium, such
as CD-ROM, may be adopted as another computer-readable
medium. A medium for providing data of the program
according to the present invention via a communication line
may be carrier waves.

Alternatively, the detailed configuration and detailed
operation of each of apparatuses constituting the radio-
graphic 1mage analysis system may also be appropriately
modified 1n a scope without departing from the spirit of the
present invention.

Although embodiments of the present invention have
been described and illustrated i1n detail, the disclosed
embodiments are made for purposes of illustration and
example only and not limitation. The scope of the present
invention should be interpreted by terms of the appended
claims.

The entire disclosure of the description, claims, drawings

and abstract ol Japanese Patent Application No. 2018-
084693, filled on Apr. 26, 2018 with Japan Patent Office, 1s
incorporated herein by reference 1n 1ts entirety.
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What 1s claimed 1s:
1. A radiographic 1image analysis apparatus, comprising:
a hardware processor that:
calculates an area of a lung field from a chest 1image
obtained by dynamic imaging in which radiation 1is
emitted to a chest of a subject, and
estimates at least one of a residual volume, a functional
residual capacity, a total lung capacity and a residual
volume ratio of the lung field, based on the calculated
lung field area of the subject and a calculation expres-
sion or a table that are determined based on statistical
data obtaimned from multiple subjects other than the
subject, wherein the statistical data indicates a relation-
ship between (1) said at least one of the residual
volume, the functional residual capacity, the total lung
capacity, and the residual volume ratio and (11) the lung
field area.
2. The radiographic image analysis apparatus according to
claim 1,
wherein the chest image 1s a front chest image, and
the hardware processor estimates said at least one of the
residual volume, the functional residual capacity, the
total lung capacity and the residual volume ratio of the
lung field, based on a part of an area nearer to a thorax
in the calculated area of the lung field.
3. The radiographic image analysis apparatus according to
claim 1,
wherein the chest image 1s a front chest image, and
the hardware processor estimates a lung base end nearer
to a back in the lung field from the front chest image,
calculates a lung field area, with the lung base end
nearer to the back being regarded as a bottom end of the
lung field, and estimates said at least one of the residual
volume, the functional residual capacity, the total lung
capacity and the residual volume ratio of the lung field,
based on the calculated lung field area, with the lung
base end nearer to the back being regarded as the
bottom end of the lung field.
4. The radiographic image analysis apparatus according to
claim 1, wherein:
the chest image 1s a front chest 1mage, and
the hardware processor calculates an area of the lung field
with respect to each lung, and estimates said at least
one of the residual volume, the functional residual
capacity, the total lung capacity and the residual vol-
ume ratio with respect to each lung, based on the
calculated lung field area with respect to each lung.
5. The radiographic image analysis apparatus according to
claim 1,
wherein the chest 1image 1s a chest image taken during
tachypnea or under an exercise load, and
the hardware processor estimates, as an indicator of
dynamic pulmonary hyperinflation, the residual vol-
ume or the functional residual capacity of the lung field
estimated based on the area of the lung field calculated
from the chest image taken during the tachypnea or
under the exercise load.
6. The radiographic 1mage analysis apparatus according to
claim 1,
wherein the hardware processor calculates the area of the
lung field from the chest image taken before or after
application of an exercise load or during a tachypnea
process, estimates the residual volume or the functional
residual capacity before or after application of the
exercise load or during the tachypnea process, based on
the area of the lung field calculated from the chest
image taken before or after application of the exercise
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load or during the tachypnea process, and estimates
variation 1n the estimated residual volume or the func-
tional residual capacity before or after application of
the exercise load or during the tachypnea process, as an
indicator of dynamic pulmonary hyperinflation.

7. A radiographic 1mage analysis system, comprising:

a radiographic 1imaging apparatus that performs radiation

imaging ol a chest, and obtains a chest 1image; and
the radiographic image analysis apparatus according to
claim 1.

8. The radiographic image analysis apparatus according to
claim 1,

wherein the statistical data includes data on a relationship

between lung field areas obtained by dynamic imaging
of the multiple subjects and at least one of residual
volumes, functional residual capacities, and total lung
capacities obtained by a method other than the dynamic
imaging of the multiple subjects.

9. The radiographic 1mage analysis apparatus according to
claim 8,

wherein the method other than the dynamic imaging 1s a

helium closed circuit method, a denitrogenation open
circuit method, or a body plethysmography.

10. The radiographic image analysis apparatus according
to claim 1,

wherein the statistical data includes data on a relationship

between variation rates of lung field areas obtained by
dynamic imaging of the multiple subjects and residual
volume ratios obtained by a method other than the
dynamic imaging.

11. The radiographic 1mage analysis apparatus according
to claim 10,

wherein the method other than the dynamic imaging 1s a

helium closed circuit method, a denitrogenation open
circuit method or a body plethysmography.

12. The radiographic image analysis apparatus according
to claim 1,

wherein the hardware processor calculates the lung field

area based on a frame 1mage at a deep spiratory level
or a frame i1mage at a deep expiratory level among
multiple frame 1mages of the dynamic image.

13. The radiographic image analysis apparatus according
to claim 1,

wherein the lung field area calculated by the hardware

processor 1s an area ol a part nearer to a thorax of the
chest.

14. A non-transitory computer-readable storage medium
having stored thereon a program for analysis concerning a
dynamic image obtained by dynamic imaging in which
radiation 1s emitted to a chest of a subject, the program being
executable by a computer to control the computer to perform
functions comprising:

calculating an area of a lung field from a chest image

obtained by the dynamic imaging 1n which radiation 1s
emitted to the chest of the subject; and

estimating at least one of a residual volume, a functional

residual capacity, a total lung capacity and a residual
volume ratio of the lung field, based on the calculated
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lung field area of the subject and a calculation expres-
sion or a table that are determined based on statistical
data obtaimned from multiple subjects other than the
subject, wherein the statistical data indicates a relation-
ship between (1) said at least one of the residual
volume, the functional residual capacity, the total lung
capacity, and the residual volume ratio and (11) the lung,
field area.

15. The storage medium storing the program of analysis
according to claim 14,

wherein the statistical data includes data on a relationship

between lung field areas obtained by dynamic imaging
of the multiple subjects and at least one of residual
volumes, functional residual capacities, and total lung
capacities obtained by a method other than the dynamic
imaging of the multiple subjects.

16. The storage medium storing the program of analysis
according to claim 14,

wherein the statistical data includes data on a relationship

between variation rates of lung field areas obtained by
dynamic imaging of the multiple subjects and residual
volume ratios obtamned by a method other than the
dynamic 1maging.

17. A radiographic image analysis method for analysis
concerning a dynamic image obtained by dynamic imaging
in which radiation 1s emitted to a chest of a subject, the
method comprising:

calculating, by a hardware processor, an area of a lung

field from a chest image obtained by the dynamic
imaging 1n which radiation 1s emitted to the chest of the
subject; and

estimating, by the hardware processor, at least one of a

residual volume, a functional residual capacity, a total
lung capacity and a residual volume ratio of the lung
field, based on the calculated lung field area of the
subject and a calculation expression or a table that are
determined based on statistical data obtained from
multiple subjects other than the subject, wherein the
statistical data indicates a relationship between (1) said
at least one of the residual volume, the functional
residual capacity, the total lung capacity, and the
residual volume ratio and (11) the lung field area.

18. The radiographic image analysis method according to
claim 17,

wherein the statistical data includes data on a relationship

between lung field areas obtained by dynamic imaging
of the multiple subjects and at least one of residual
volumes, functional residual capacities, and total lung
capacities obtained by a method other than the dynamic
imaging ol the multiple subjects.

19. The radiographic 1mage analysis method according to
claim 17,

wherein the statistical data includes data on a relationship

between variation rates of lung field areas obtained by
dynamic imaging of the multiple subjects and residual
volume ratios obtained by a method other than the
dynamic imaging.
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